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016/j.araAbstract The complex formation between a new synthesized tripodal ligand (L22py) and the cation
Co2+ in water was studied spectrophotometrically using rank annihilation factor analysis (RAFA).
According to molar ratio data the stoichiometry of complexation between the ligand and the cation
Co2+ was 1:1. Formation constant of this complex was derived using RAFA on spectrophotometric
data. In this process the contribution of ligand is removed from the absorbance data matrix when
the complex stability constant acts as an optimizing object and simply combined with the pure
spectrum of ligand, the rank of original data matrix can be reduced by one by annihilating the
information of the ligand from the original data matrix. The effect of ethanol, dimethylformamide
(DMF) and acetonitrile (AN) was investigated on the formation constant of the Co2+ complex.
Complex formation constant in water was estimated as log Kf = 5.09 ± 0.02. In mixtures of
solvents of water and DMF and water and AN, the formation constant of the complex was
increased because of lowering donor number of the solvent and in mixture of water and ethanol,
the complex formation constant was decreased because of lowering of dielectric constant of the
solvent.
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Stability constants can be key parameters for the investigation
of equilibria in solution. They are very important in many
ﬁelds such as industrial chemistry (Tewari, 1995), environmen-
tal studies (Pandey et al., 2000), medicinal (Ibrahim et al.,
2000) and analytical chemistry (Pakhomova et al., 2001).
Therefore complexation reactions of metal ions with different
ligands have been widely studied (Hulanicki et al., 1983; Zhou
et al., 1996; Colston and Robinson, 1997). Several methods foring Saud University.
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Figure 1 Structure of the tripodal tetradentate ligand investi-
gated here.
2 R. Golbedaghi, F. Khajavithe determination of stability constants, such as potentiometric
titration (Garrett and Weber, 2006), conductometry (Doe
et al., 1987) and spectrophotometric determination (Safavi
and Fotouhi, 1998), have been reported. Among the methods
used for the determination of stability constants, spectropho-
tometric methods have the advantage of sensitivity and are
suitable for determination of stability constants in solution un-
der different experimental conditions. Overlapping of spectra
of different chemical species involved in the equilibria is an
important problem, because it makes the determination of sta-
bility constants by classical methods difﬁcult or even impossi-
ble, and can cause great uncertainties on the obtained results.
Chemometric methods can also easily resolve the overlapped
spectra (Safavi and Abdollahi, 2001; Booksh and Kowalski,
1994) where one can analyze whole spectra, thereby utilizing
all spectral information. RAFA as a powerful chemometric
method can easily remove the contribution of ligand or complex
in the highly overlapped spectra of the ligand and complex and
therefore give the useful information about the chemical system.
In this work, RAFA was used to analyze the experimental data
and to derive the formation constant of the complex.
2. Theory
The basis of the application of RAFA in the determination of
the formation constants for 1:1 complexes was described in our
previous work (Afkhami et al., 2009).
For a 1:1 metal ligand molar ratio complex the equations
are as follows
Mþ L ! ML ð1Þ
Kf ¼ ½ML½M½L ð2Þ
CL ¼ ½L þ ½ML ð3Þ
CM ¼ ½M þ ½ML ð4Þ
where [L], [M] and [ML] are the equilibrium concentrations of
ligand, metal ion and the complex, respectively. Kf is the stabil-
ity constant of the complex, CL is the total concentration of li-
gand, which remains constant, and CM is the total
concentration of metal ion, which is varied when employing
the molar ratio method.
By substitution of [M] and [ML] from Eqs. (3) and (4) into
Eq. (2) and rearranging yields
Kf½L2 þ ðKfCM  KfCLÞ½L þ ½L  CL ¼ 0 ð5Þ
A two-way data matrix with rank 2 can be formed by mea-
suring absorbance under different wavelengths at a series of
metal to ligand molar ratios with constant analytical concen-
trations of the ligand. By removing the contribution of one
component from the original absorption data matrix using
RAFA, the rank of the residual matrix decreases by one. By
substitution of different values of Kf in Eq. (5) for a given
amount of CM and CL, different vectors of ligand concentra-
tion will be obtained. The correct concentration proﬁle will
be obtained by substitution of the correct Kf value. The molar
absorptivity of the ligand can be obtained from the spectrum
of the pure ligand. Therefore the correct absorption spectra
for the ligand at different metal–ligand molar ratios are ob-
tained by multiplying the concentration proﬁle of the ligandPlease cite this article in press as: Golbedaghi, R., Khajavi, F. Applica
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(2013), http://dx.doi.org/10.1016/j.arabjc.2013.09.035by its molar absorptivity. By removing the ligand spectra from
the original absorption data matrix, the rank of the residual
matrix reduces by one.
Basedonprincipal component analysis (PCA), theR.S.D. (Rel-
ative Standard Deviation) method is widely used to determine the
number of principal components (Malinowski, 1991; Elbengali
et al., 1999). TheR.S.D. is ameasure of the lack of ﬁt of a principal
component model to a data set. The R.S.D. is deﬁned as:
R:S:D:ðnÞ ¼
Pc
i¼nþ1gi
nðc 1Þ
 1=2
ð6Þ
where gi is the eigenvalue, n is the number of considered prin-
cipal components and c is the number of samples. The R.S.D.
was used as a formula to obtain the optimum stability con-
stant. In an iterative procedure, different stability constants
are put in Eq. (5) and different concentration proﬁles of ligand
are obtained. The contribution of ligand is removed from the
absorbance data matrix (with rank 2) for each obtained con-
centration proﬁle of ligand, then according to R.S.D. equation
(Eq. (6)) the sum of eigen values of the residual matrix is ob-
tained from eigenvalue 2 to c (number of samples). If the rank
of the residual matrix is reduced by one, the sum of eigen val-
ues from eigenvalue 2 to c will equal to noise level and mini-
mum R.S.D. is obtained. So by scanning Kf values and
estimating R.S.D. per each Kf, the optimum stability constant
will be obtained when R.S.D. has its lowest value.
3. Experimental
3.1. Apparatus and materials
Absorption spectra were obtained with a Perkin-Elmer Lamb-
da 45 UV–VIS spectrophotometer using 1 cm path length glass
cells and the measurements were performed at (25 ± 0.1) C.
All experiments were performed with analytical reagent grade
chemicals. The ligand was synthesized in the laboratory.
Dimethylformamide (DMF), acetonitrile (AN), ethanol, and
chloride salt of Co2+ were purchased from Merck (Darmstadt,
Germany). All solutions were prepared fresh daily. All calcula-
tions were performed in MATLAB 6.5 (Math Works, Cochitu-
ate Place, MA) and Microsoft Excel 2003.
3.2. General procedure for synthesis of tripodal ligand (L22py)
The asymmetrical tripodal ligand (Fig. 1) was prepared as its
hydrochloride salt by us (Salehzadeh and Golbedaghi, 2007).tion of rank annihilation factor analysis to the spectrophotometric
esized tripodal ligand with Co2+. Arabian Journal of Chemistry
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
3.00 3.50 4.00 4.50 5.00
log (Kf)
R
SD
Figure 3 The relationship between R.S.D. and stability constant,
Kf, 1:1 complexation system obtained log (Kf) = 4.74.
Application of rank annihilation factor analysis to the spectrophotometric determination 33.3. Procedure
Stock solutions of ligand and metal ion salt were prepared as
aqueous solutions. The analytical ligand concentration was
kept constant and different concentrations of metal ions were
added to the ligand solution. Then after 1 h the spectrum of
solution was obtained between 200 and 600 nm with the
1 nm intervals. The analytical concentration of the ligand
was considered as 1.04 · 104 (mol  L1) with different con-
centrations of metal in the range of 0.0–2.0 M ratio of metal
to ligand. The concentrations of metal were considered as:
(1) 0.0, (2) 1.04 · 105, (3) 1.98 · 105, (4) 2.91 · 105, (5)
3.95 · 105, (6) 5.93 · 105, (7) 9.98 · 105, (8) 1.2 · 104,
(9) 1.6 · 104, (10) 2.0 · 104 (mol  L1).
The molar ratio method was used to determine the stoichi-
ometry of the metal–ligand complex and the RAFA program
was used to calculate the complex formation constant.
4. Results and discussion
4.1. Simulated data
Fig. 2 shows the created absorption spectra for a 1:1 metal–li-
gand complex formation system, at a ﬁxed concentration of li-
gand and various concentrations of metal ion.
Table 1 presents the eigenvalues, ratios of consecutive
eigenvalues and R.S.D. of the simulated matrix. The synthetic
data matrix was processed by the RAFA method and the
relationship between the R.S.D. of the residual matrix and
the stability constant (Kf) is shown in Fig. 3. A minimum is0.0
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Figure 2 Simulated absorption spectra of a 1:1 metal–ligand
complex formation system at a ﬁxed concentration of ligand and
various concentrations of metal ions. log Kf = 4.74,
kmaxðLÞ ¼ 450 nm, kmaxðMLÞ ¼ 480 nm.
Table 1 The results of PCA on simulated data.
i gi gi=gi þ 1 R.S.D.
1 2530.4 9.94000 7.130
2 254.60 5.30416 0.013
3 0.00048 1.11000 0.009
4 0.00043 1.07500 0.006
5 0.00040 1.08000 0.003
6 0.00037
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the optimum value of log Kf. The applied noise was 0:1%
absorbance units.
As seen in Table 1, the ratio of two consecutive eigenvalues
is too large at the second eigenvalue, so there are two principle
components (absorptive species) in the simulated matrix. This
method was also used to determine the number of principle
components in the experimental absorbance matrices.
4.2. Real data
Fig. 4 shows the experimental absorption spectra for the com-
plex of Co2+ and the investigated ligand when the ligand con-
centration is constant and the metal concentration is varied.
PCA results showed that there are two principal components
in the absorbance data matrix. The relationship between
R.S.D. and Kf for cobalt experimental data after processing
RAFA on the absorption matrix is shown in Fig. 5.0
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Figure 4 Experimental absorption spectra for the Co2+ complex
with ligand. The analytical concentration of ligand is 1.04 · 104
(mol  L1) with different concentrations of metal in the range of
0.0–2.0 M ratio of metal to ligand. The concentration of metal is:
(1) 0.0, (2) 1.04 · 105, (3) 1.98 · 105, (4) 2.91 · 105, (5)
3.95 · 105, (6) 5.93 · 105, (7) 9.98 · 105, (8) 1.2 · 104, (9)
1.6 · 104, (10) 2.0 · 104 (mol  L1).
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Figure 5 The relationship between R.S.D. and stability constant,
Kf for the cobalt complex.
Table 2 The results of Kf for Co–Ligand complex in 10
volume percent of different solvents.
Solvent Water 10% DMF 10% AN 10% ethanol
log Kf 5.09 ± 0.02 4.95 ± 0.02 4.96 ± 0.01 5.04 ± 0.01
L, Ligand.
4 R. Golbedaghi, F. KhajaviAs seen in Fig. 5, the estimated complex formation constant
after processing RAFA on absorbance data matrix of Co2+
was obtained as 1.24 · 105 L mol1.
The effect of the type of solvent was investigated on the for-
mation constant of Co2+ complex. 10 volume percent of sol-
vent was considered as ethanol, DMF and AN, then the
formation constant was obtained. Table 2 shows the results.
In 10 volume percent of DMF and AN, the stability constant
of the complex decreases. It is well known that the Gutmann
donor number and dielectric constant of solvents (Gutmann,
1968) is an important measure in complexation reactions. It
is obvious that the stability of complex increases signiﬁcantly
by decreasing the donor number of the solvents and since
DMF and AN have lower donor number with respect to water
the complex formation constant of the complex decreases in
these solvents. Dielectric constant of a solvent is the ability
of that solvent to separate ions with different charges. Dielec-
tric constant of the mixture of solvents is lower than water and
it causes the dissociation of ions which is more difﬁcult and
therefore the stability constant decreases. In 10 volume percent
of ethanol, the formation constant of complex reduces because
of lowering dielectric constant of mixture of solvents.
5. Conclusions
RAFA is proposed as an efﬁcient chemometric algorithm for
the complete analysis of complex formation systems by the spec-
trophotometric molar ratio method. The RAFA is based on the
principle that the rank of a two-way bilinear matrix of pure
compounds is one. The proposed method makes it possible to
obtain the stability constants, pure absorption spectra and spe-
cies concentration proﬁles in several ligand–metal complex for-
mation systems when there is severe spectral overlapping.
The method was tested with simulated data sets and reliabil-
ity was obtained by reproducing the input formation constantsPlease cite this article in press as: Golbedaghi, R., Khajavi, F. Applica
determination of the formation constant of complex of a new synth
(2013), http://dx.doi.org/10.1016/j.arabjc.2013.09.035and species concentration proﬁles. Themethod was also applied
to experimental data in 1:1 metal–ligand complex formation.
The investigated ligand forms 1:1 complexes with Co2+.Acknowledgements
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